For phototactic migration, Chlamydomonas scans the surrounding light environment by rotating the cell body with an eyespot located on the equator. The intensity of the light signal received by the eyespot should therefore change cyclically at the frequency of the cell body rotation. In this study, the response of the photoreceptor to cyclically changing light stimuli was analyzed using immotile mutant cells. To simulate the light intensity change perceived by a rotating cell, light stimuli were applied that consisted of a light phase with the intensity changing similar to a half cycle of a sine wave and a dark phase of the same length. The fluence rate at the peak of the sine wave was of the order of 10 19 photons m -2 s -1 , i.e. high intensity at which phototaxis is saturated. A photoreceptor current (PRC) was produced at the onset of each light phase. Interestingly, its amplitude varied depending on the frequency and was largest at 1-5 Hz, a frequency range similar to the frequency of cell body rotation. Experiments on the kinetics of the PRC indicate that the response was small at low frequency because of the inactivation of the PRC before full activation. In contrast, at high frequency the PRC was suppressed by adaptation to the repetitive stimuli. These characteristic kinetics of the PRC should be important for Chlamydomonas cells to extract information from the signals generated by the cell body rotation.
Introduction
Most photosynthetic flagellates, for example Chlamydomonas and Euglena, have the ability to swim toward or away from the light source and find favorable environments for photosynthetic growth. The first step in the cellular mechanism for such behavior, phototaxis, is the detection of the direction of the light source. For this purpose, these organisms scan the environmental light by rotating the cell body, which is equipped with a photo-sensing organelle, the eyespot (eyespot apparatus) (Foster and Smyth 1980 , Nultsch and Häder 1988 , Witman 1993 , Kreimer 1994 , Hegemann 1997 , Sineshchekov and Govorunova 1999 . The eyespot of Chlamydomonas is located near the equator of the oval cell body and receives the light mainly coming from the side it faces; it is most sensitive to the light coming in the perpendicular direction, because the back (cytoplasmic) side of the photoreceptor membrane is shaded by the cell body and the pigments lining the membrane (Foster and Smyth 1980 , Harz et al. 1992 . Thus, when a cell swims, the light signal perceived by the eyespot would consist of a light phase and a dark phase that alternate at the frequency of the cell rotation, about 2 Hz Smyth 1980, Rüffer and Nultsch 1985) . This lightdark cycle should be the signal by which the cell detects the direction of light and, consequently, decides in which direction to swim. The cell controls its swimming direction by changing its helical track through modulation of the balance of the beat force of the two flagella (Foster and Smyth 1980 , Kamiya and Witman 1984 , Rüffer and Nultsch 1991 , Crenshaw 1996 , Isogai et al. 2000 .
How periodically modulated light signals are utilized for phototactic orientation is of considerable interest from the viewpoint of information processing in biology. The plasma membrane of the Chlamydomonas eyespot, which contains a rhodopsin-like pigment (Foster et al. 1984 , Lawson et al. 1991 , Takahashi et al. 1991 , Zacks et al. 1993 , Deininger et al. 1995 , produces a photoreceptor current (PRC) upon reception of light (Harz and Hegemann 1991 , Harz et al. 1992 , Yoshimura 1994 , Pazour et al. 1995 . Hence it is likely that a cell produces repetitive PRCs when swimming in an environment illuminated from one direction. In this study, we have examined whether the Chlamydomonas photo-reception system is designed so as to optimally respond to such cyclically changing light intensity. If it does respond to cyclical stimuli most efficiently, such a system would help the cell to choose a meaningful signal from various kinds of noise. In addition, we have also examined the duration and timing of the PRC generation during the light phase. The timing of PRC generation should be important for a cell to change its swimming path correctly, since the cell has to change its swimming path in a two-dimensional plane while continuously rotating its cell body.
In this study, the photoreceptor current generated upon reception of light stimuli of cyclically-changing intensity was measured with a 'population method' (Sineshchekov et al. 1992) , in which the current produced by the entire cell suspen-sion is recorded. In order to avoid a change in the orientation of cells during light stimuli that typically lasted for several hundred milliseconds, we used an immotile mutant of Chlamydomonas. This enabled us to record the photoreceptor current deriving from the same set of cells in the cell suspension. In addition, a light emitting diode (LED) with peak intensity at 500 nm was used for modulating the light intensity. By using these methods, we found that the photo-sensing system in Chlamydomonas is in fact optimized for detecting cyclic stimuli and steering the cell in the right direction.
Materials and Methods

Cell strain and experimental solution
Wild-type Chlamydomonas reinhardtii, 137c, and an immotile strain, pf14, that lacks the flagellar radial spokes were used. pf14 was used in electrophysiological experiments to avoid change in the cell orientation during periodic stimulation. Cells were cultured in the liquid tris acetate phosphate (TAP) medium (Gorman and Levine 1964) and washed three times with an experimental solution containing 0.3 mM CaCl 2 and 0.1 mM KH 2 PO 4 pH 7.7 (Sineshchekov et al. 1992 , Sineshchekov et al. 1994 , Matsuda et al. 1998 ). The cell density was adjusted to 5´10 7 cells ml -1 .
Electrophysiology
PRCs were assessed in a population of Chlamydomonas cells by the method of Sineshchekov et al. (1992) . One milliliter of cell suspension was introduced into a measuring chamber that had two platinum wire electrodes on each side of its rectangular bottom (10´10 mm). The current between the two electrodes, amplified with a patch-clamp amplifier (EPC-7, List-Medical, Darmstadt, Germany), was used as the measure of the PRC in the cell suspension. Light stimuli were applied from one side of the electrode. Thus, the electrodes measured only the current parallel to the light direction. In this configuration, we can measure the PRC produced by the cells with the eyespot facing the light source (Sineshchekov et al. 1992 , Sineshchekov et al. 1994 , Matsuda et al. 1998 . This is based on the assumption that those cells produce a larger PRC than the cells in the opposite direction because the maximal sensitivity of the photoreceptor is normal to the eyespot membrane. The flagellar current has been reported to be significantly smaller than the PRC when measured by this method. This is probably because the cells with their eyespot facing toward or against the light produce a flagellar current perpendicular to the light direction, and because the flagellar currents produced by a population of cells with their eyespot facing obliquely toward and against the light are cancelled out (Sineshchekov et al. 1994) . Recordings were filtered at 3 kHz and digitized at 10 kHz (Digidata 1200, Axon Inst., Foster City, CA, U.S.A.). The data were analyzed with the pClamp 6 and AxoGraph 3.0 software (Axon Inst.).
Stimulating light was provided by an LED that has a single peak at 500 nm with a half band width of 35 nm (NSPE510S, Nichia Chemical Ind., Anan, Japan). The LED was driven by an operational amplifier controlled by a computer-generated command voltage. To ensure that the LED emission changed linearly with the command voltage, the emission was monitored with a photodiode and its output was fed back to the driver.
Parameters of light stimuli were changed in a reciprocal manner to check the reproducibility of the data. In a single experiment, a series of measurements was repeated at least twice, each time with the experimental parameters changed in both ascending and descending manners. An interval of 2 min was set between successive recordings to eliminate the influence of the preceding stimulus. To randomize the cell orientation, the cell suspension was mixed by pipetting about 60 s before each stimulation.
Microscope observation
An inverted microscope (IX70, Olympus, Japan) equipped with polarized light optics was used to monitor the position of the eyespot of the swimming wild-type cells (Kamiya and Witman 1984) . A 600 nm red filter was placed on the light source so that phototactic behavior was not induced by observation. The image of swimming cells was recorded with a video camera (C2400, Hamamatsu Photonics, Hamamatsu, Japan) and a video recorder.
Results
Response to stimuli simulating the light signals perceived by a swimming cell
While a Chlamydomonas cell is swimming with its body rotating around the long axis, the eyespot should experience a periodical change in the brightness it perceives. The two phases, a light phase and a dark phase, should have the same duration when the cell is illuminated sideways. If we assume that the eyespot of Chlamydomonas is a planar disk located at the equator of the cell and absorbs only the light coming from one side, the intensity of the perceived light during the light phase would change following a half cycle of a sine wave (the swimming direction does not have to be necessarily perpendicular to the light direction).
To simulate the change in light signal intensity experienced by swimming and rotating cells, light modulated by the waveform as shown in Fig. 1A (top) was applied to a suspension of immotile cells (pf14). The amplitude of the stimuli was set at 9.6´10
19 photons m -2 s -1 (160 mmol m -2 s -1 ) and the frequency was varied between 0.2 and 10 Hz. This simulates the change in light intensity at the eyespot rotating at different frequencies under the same fluence rate. Although this fluence rate is rather high compared with the fluence rate of 10 16 -10 19 photons m -2 s -1 used in previous studies on phototaxis (e.g. Foster et al. 1984 , Hegemann et al. 1988 , Matsuda et al. 1998 , we found Chlamydomonas cells display strong phototaxis under these light conditions (Isogai et al. 2000) . At 0.2 Hz, no current was observed (Fig. 1A) . At 0.5, 1 and 2 Hz, a PRC was produced concomitantly with the onset of the light phase. Interestingly, the PRC was produced only at the beginning of the light phase, not all through the light phase. The amplitude of the PRC increased with the stimulus frequency in the 0.5-2 Hz range. The peak of the first PRC further increased with stimulation frequency up to 10 Hz. In contrast, the amplitude of the second or later PRC displayed a biphasic change. Data from four independent cultures indicated that the amplitudes of the second, third and fourth PRCs were largest at 1-2 Hz while the amplitude of the first PRC increased almost linearly with the log of the frequency (Fig. 1B) .
To study the dependence on the stimulus intensity, we applied light stimuli at various intensities with the same proto-col. No PRC was detectable when the amplitude of the sine wave was below 10 19 photons m -2 s -1 . The low sensitivity to sinusoidal stimulus probably resulted from the characteristics of the photoreceptor itself rather than some experimental limitations: note that PRC by brief pulse was detected down to a fluence of 2´10 16 photons m -2 (see Fig. 3 ), which is consistent with previous studies Hegemann 1991, Sineshchekov et al. 1994) .
When the experiments were carried out at a lower light intensity (2.4´10
19 photons m -2 s -1 = 40 mmol m -2 s -1 ), the amplitude of the PRCs changed similarly (Fig. 1C) , except that the second and the following PRCs had largest amplitudes at slightly higher frequencies (2-5 Hz), and the maximal PRC (31 pA at 3.1 Hz, as estimated by fitting the data with a parabola) was lower than that observed at 9.6´10 19 photons m -2 s -1
(55 pA at 1.6 Hz).
In the above experiments, we used a waveform with a half cycle of complete darkness. However, it is more likely that the eyespot, when illuminated from the backside, experiences some brightness rather than complete darkness. We therefore examined the effect of dim light applied during the dark period of the periodic stimuli. We used dim light at a fluence rate adjusted to 1/8 of the peak fluence rate of the light phase, following the previously reported estimate that the photoreceptor is eight times less sensitive to the light coming through the cell body than to the light coming from the front side (Harz et al. 1992, Schaller and . We found that the frequency dependence of the cell response did not change when stimu- 19 photons m -2 s -1 ) and a dark phase with the same period, alternating four times. The frequency was set at 0.2, 0.5, 1, 2, 5 or 10 Hz. Data averaged from four measurements are shown. Note that the PRC generated by the first stimulus increases with the stimulus frequency, whereas the PRC produced by the second to fourth stimulus is significant only at intermediate frequencies. (B) The amplitude of the photoreceptor current produced by the first (squares), second (circles), third (triangles) and fourth stimulus (diamonds). In this and in the following figures, the amplitude of the current, rather than the integral of the current, is used. This is for convenience in comparison with the previous studies (Sineshchekov et al. 1992 , Sineshchekov et al. 1994 , Matsuda et al. 1998 ). Each data point shows the mean and the standard deviation in the data from four experiments, each of which was determined based on four measurements. A parabola that fits the data of the second, third and fourth responses, having a peak value of 55.1 pA at 1.6 Hz, is shown by the broken line. See Discussion for details. (C) Responses when the fluence rate of the light stimulus (the peak value) was reduced to 2.4´10 19 photons m -2 s -1
. Symbols are the same as in (B). The second to fourth responses are now fitted with a parabola with a peak value of 31.2 pA at 3.1 Hz. lated at a low intensity with the peak fluence rate of 2.4´10 19 photons m -2 s -1 , in which case the peak response took place at 2.4 Hz. The peak was slightly shifted to higher frequency (3.1 Hz; data not shown) when cells were stimulated at 9.6´10
19 photons m -2 s -1 . The frequency at which the repetitive stimulation generates maximal response appears to be close to the frequency of cell body rotation in swimming cells Smyth 1980, Rüffer and Nultsch 1985) . To confirm this, we measured the rotation frequency in our sample by recording the eyespot with a polarizing microscope and a video camera (Kamiya and Witman 1984) . The rotation frequency was found to range from 1 to 5 Hz, having an average of 2.6 Hz (Fig. 2) .
Rapid inactivation of PRC
To understand the mechanism that brought about the observed frequency dependence of response, we next examined the kinetics of PRC production. Although some of the features have already been previously reported (Govorunova et al. 1997, Braun and Hegemann 1999) , we wanted to see if the frequency dependence could be mathematically reconstructed from the individual factors measured under our experimental conditions.
The observation that the PRC was produced only at the beginning of the light phase suggests that the PRC inactivates rapidly when continuous light is applied. To assess the time course of the inactivation, we examined the PRC production upon application of a single square-wave stimulus with various duration. The amplitude of the PRC increased with duration up to 20 ms but plateaued at longer duration (Fig. 3A) . When a 40 ms stimulus was applied, the peak of the PRC appeared at about 10 ms after the beginning of the stimulus and started to decline while the light stimulus was still present. The PRC returned to the baseline at about 30 ms after the onset of the stimulus. Fig. 3B summarizes the amplitude of the PRC at various stimulus duration. At all the fluence rates studied (0.6´10 19 to 9.6´10 19 photons m -2 s -1 ), the amplitude increased with the duration of stimulus up to 20 ms, but remained constant at durations longer than 20 ms. Thus, at all these light intensities, inactivation should take place quite rapidly, with a time constant of the order of 10 ms.
Effect of ramp stimulation
In the experiment shown in Fig. 1 , the PRC produced in response to the first stimulus increased with the stimulus frequency. Taking into account the fact that the PRC was generated at the beginning of the half-sinusoidal stimulating wave, we surmised that the amplitude of the PRC increases with the rate of the light intensity increase. To prove this, we applied a . Current traces averaged from four measurements are shown. (B) The change in amplitude of the photoreceptor current with the duration of the stimulus. The fluence rate was 9.6 (squares), 4.8 (circles), 2.4 (upward triangles), 1.2 (downward triangles) and 0.6 (diamonds)´10
19 photons m -2 s -1 . The photoreceptor current increased with the duration up to 20 ms but did not increase further at longer duration. ramp stimulus, in which the light intensity was increased linearly with time (Fig. 4A, top) . It was in fact observed that, whereas the PRC amplitude was very small when the light intensity was increased slowly (about 30 pA at 1.2´10 20 photons m -2 s -2 ; Fig. 4A, top) , it greatly increased when the light intensity was increased more rapidly (Fig. 4A, B) . In either case, the PRC occurred in a phasic manner: the current started to inactivate while the light intensity was still increasing. These results indicate that the magnitude of the first PRC in Fig. 1 depended on the stimulus frequency partly because it depended on the rate of increase in light intensity.
Slow recovery from desensitization
In the experiment shown in Fig. 1 , the PRCs generated by the second and the following stimuli were small compared with the first PRC when stimulated at >1-2 Hz (Fig. 1) . This observation suggests that the PRC is desensitized by repetitive stimulation as has been reported by Govorunova et al. (1997) . To examine how the stimulus interval affects the desensitization, we next applied a pair of square-wave stimuli, each with 20 ms duration (fluence = 1.9´10 18 photons m -2 ), at various intervals. When the interval was set to 50 ms, the response to the second stimulus was found to be almost absent (Fig. 5A) . The magnitude of the response to the second stimulus increased with the interval up to 1,000 ms, at which the response to the second stimulus became almost identical to the one to the first stimulus. Fig. 5B summarizes the relationship between the length of the interval and the ratio of the second PRC to the first. The ratio increased with the interval, to almost unity at 1,000 ms. This time course of the recovery from desensitization is similar to that of the dark recovery of the PRC induced by a pair of brief flash (Govorunova et al. 1997 ). The recovery was delayed when the duration of the square-wave stimulus was increased from 5 to 100 ms (Fig. 5B) . Thus the duration as well as the interval of stimuli appears to influence the recovery from desensitization.
It is, therefore, likely that the second, third and fourth PRCs in the experiment (Fig. 1) were reduced in size because the desensitization caused by the preceding stimuli persisted. To assess the effect of the desensitization by a preceding PRC under the condition similar to that in Fig. 1 , we stimulated the cells with a pair of square-wave stimuli with the fluence rate identical to the peak value of the stimulating wave in Fig. 1A and with the fluence identical to that applied during each cycle of it; thus, the paired square wave was designed to have a duration of 0.318 T and an interval of 0.682 T, where T is the period of the stimuli. As in the experiment shown in Fig. 5B , the ratio of the second PRC to the first PRC increased with the interval of the stimuli. In Fig. 5C , the ratio is plotted against the logarithm of the stimulus frequency ( f = 1/T) for ease of comparison with the data of Fig. 1 . It clearly indicates that the desensitization of PRC is significant at frequencies higher than 1 Hz.
Discussion
The present study demonstrates that the Chlamydomonas photoreceptor is designed to respond optimally to a cyclic light change occurring at 1-5 Hz (Fig. 1) , a frequency range similar to the rotation frequency of the freely-swimming cells (Fig. 2) . Therefore, the photoreceptor of Chlamydomonas should be able to effectively respond to the periodic light signal generated by the cell rotation. It can thus avoid disturbance of light signals caused by other sources such as the back-and-forth movement of the cell produced by flagellar beating (about 50 Hz) (Racey et al. 1981, Brokaw and Luck 1983) .
The results presented here concern the response of the Chlamydomonas photoreceptor to strong light signals, at which intensity the phototactic response is saturated (Foster et al. The amplitude of the photoreceptor current plotted against the ramp rate. The mean and the standard deviation in four experiments, each consisting of four measurements using independent cultures, are shown.
1984, Hegemann et al. 1988 , Matsuda et al. 1998 . Because clear phototactic response can be observed under these conditions, such a strong light stimulus has been used in a previous study that analyzed cells' swimming tracks during phototaxis (Isogai et al. 2000) . Effects of weaker light signals were not explored in this study because the response to the repetitive stimuli with the waveform shown in Fig. 1 was too small to be recorded clearly. As a consequence of using strong stimuli, we were able to detect the transient PRC, but not a second component of PRC (the stationary PRC) that has been shown to be produced by the photoreceptor and persist during photoreception. It may play an important role in phototaxis at low fluence rates (Sineshchekov 1991, Braun and Hegemann 1999) . A characteristic feature of the stationary PRC is that it saturates at low fluence rates (at about 10 18 photons m -2 s -1 in Volvox). Because of this, the light stimulation at high fluence rates used in the present study (>2.4´10
19 photons m -2 s -1 ) must have caused a maximal level of stationary PRC not only in the illuminated eyespot but also in the shaded eyespot, to which 8-fold attenuated light reached through the cell body. This may be the reason why the stationary PRC was not detected by the population method that measures the difference between the currents produced by illuminated eyespots and shaded eyespots.
The above consideration suggests that the stationary PRC is not important for phototaxis at high fluence rates, because the stationary PRC is produced in the same magnitude irrespective of the orientation of the cell body and thus cannot contribute to the cell's detection of the light direction. Hence it is likely that phototaxis toward the high level of light is controlled by the transient PRC rather than the stationary PRC. Phototaxis at a non-saturating range of light, on the other hand, is probably controlled by the stationary PRC, because no transient PRCs are produced at low fluence rates (Harz and Hegemann 1991 , Sineshchekov 1991 , Braun and Hegemann 1999 . It remains an interesting future problem to examine the frequency dependence at lower fluence rate at which neither phototaxis nor the stationary PRC is saturated.
The results presented above indicate that the peculiar frequency dependence of the PRC has stemmed from the fact that the PRC depends both on the rate of increase in light stimuli (Fig. 4) and on the interval between two successive stimuli (Fig. 5) . In other words, the frequency dependence is produced by a rapid PRC inactivation and a slow recovery from desensi- tization. To see if we can quantitatively explain the behavior of PRC observed in the Fig. 1 experiment by the results shown in Fig. 4 , 5, we converted the rate of the stimulus increase in the ramp experiment (Fig. 4) into the frequency of a sinusoidal stimuli with the same amplitude as used in Fig. 1 , by assuming that the initial velocity of intensity increase equals the ramp slope (circles and squares in Fig. 6 ). Here we used the relationship that the initial rate of signal increase in sinusoidal stimulation equals 2paf, where a and f are the amplitude and frequency of the sine wave, respectively. As shown in this figure, the products of the linear regression line for the ramp-experiment data (broken line) and the paired pulse-experiment data (dotted line; the same as the broken line in Fig. 5C ), which are in reasonable agreement with the observed frequency dependence of the second, third and fourth peaks (Fig. 1B, C) . In particular, the observed data (broken lines in Fig. 1B, C) show a 1.5 Hz increase in the peak frequency and a 43% decrease in the amplitude when the fluence rate was decreased from 9.6 to 2.4´10 19 photons m -2 s -1 , whereas the curves derived from the product of the two sets of regression lines show a 1.7 Hz frequency increase and a 43% amplitude decrease. From this agreement, we conclude that the frequency dependence of the PRC in the experiment that simulated the light signals perceived by a swimming cell (Fig. 1) can be almost fully explained by the kinetics of the PRC.
The quick and complete desensitization after the onset of stimulus and the slow recovery from it is consistent with previous reports that used a pair of brief flash (Nonnengässer et al. 1996 , Govorunova et al. 1997 . Govorunova et al. (1997) have found that a flagellar current generated after the PRC, in addition to the PRC itself, affects the desensitization of the PRC. In our experiments also, flagellar currents may have influenced the response to repetitive stimuli although flagellar currents were not measured in our recording configuration (see Materials and Methods). Govorunova et al. (1997) have concluded that the desensitization of PRC is caused by the depolarization of membrane potential rather than the bleaching of rhodopsin. In our experiments also, the light stimulation with duration of 20 ms is estimated to bleach only 1.9% of rhodopsin based on the assumption used by Nonnengässer et al. (1996) . We have observed that an increase in the stimulus duration from 20 to 100 ms delayed the time course of the recovery without changing the magnitude of the PRC produced by the conditioning (first) stimulus (Fig. 5B) . Thus, the kinetics of desensitization should not be determined by the PRC alone, but may be determined by membrane depolarization, as suggested by Govorunova et al. (1997) . A greater depolarization may well be generated by PRC in combination with a flagellar current or the stationary PRC.
The characteristics of PRC generation observed in the present study indicates that the degree of phototaxis should depend on the length of the dark period and not on the length of the light period longer than 20 ms. Unfortunately, data presented by previous studies on Chlamydomonas response to flash stimuli (Feinleib 1975, Boskov and Feinleib 1979) are not sufficiently informative to verify this idea, because they paid no attention to the effect of the length of the light and dark periods. However, some features observed with the phototaxis in Cryptomonas, another unicellular alga, are interesting in this regard (Watanabe and Erata 2001) . The phototaxis in this alga has been reported to sensitively depend on the length of dark period. In addition, it increases with the duration of light period of 0-16 ms, but does not depend on the length of the light period of >16 ms (Watanabe and Furuya 1978) . The similarity of these features to the kinetics of PRC we observed with Chlamydomonas (Fig. 3B , 5B) warrants further studies.
From the viewpoint of behavior control, it should be important that the photoreceptor current is produced only at the beginning of the light phase (Fig. 1A) . Chlamydomonas cells change the swimming direction by changing the balance between the two flagella that beat in the same plane Witman 1984, Horst and Witman 1993) . Thus, for an efficient turning to the light source to take place, the change in the beating balance should be triggered only when the light source is on the plane of flagellar beating, and last for only a short period of time. In other words, if the signal was produced all through the light period during which a cell body rotates by 180°, the change in the swimming direction would not be limited within the plane wherein the turning should occur, i.e. the plane that includes the swimming path and the light source. In fact, the initiation of phototactic turn is limited to the first half of the light period (Isogai et al. 2000) . Thus both the very rapid inactivation of the PRC and the slow recovery from the desensitization should be essential for efficient phototaxis in Chlamydomonas based on rotatory scanning of the environmental conditions.
